INTRODUCTION
The human papovavirus, BK virus (BKV), has been reported to be only weakly oncogenic in newborn hamsters (Nfise et al. 1975; Shah et al. 1975; van der Noordaa, 1976) , particularly when compared with simian virus 40 (SV4o) and polyoma (Py) virus (Eddy et al. 1958; Eddy, 1964) . It has also been shown to be capable of transforming BHK-2I cells, (Major & Di Mayorca, 1973) , as well as primary hamster kidney and secondary hamster embryo fibroblast cells (Portolani et aL 1975; Seehafer et al. I977) and the transformed cells have been shown to produce tumours in weanling hamsters.
Van der Noordaa (I 976) reported the transformation of cultured rat kidney cells by BKV and showed that 95 % of the cells in four clonal lines contained BKV T antigen, and that BKV could be rescued from three of the four lines by cell fusion. More recently, Portolani et aL (1978) described the in vitro transformation of rabbit, monkey, Swiss mouse and Balb/c mouse cells by BKV and reported that of seven transformed lines examined, only two were tumorigenic. In what follows, the transformation of cultured rat embryo fibroblast and of Balb/c and Swiss ICR mouse kidney cells by BKV, and the biological characterization of a number of clonal lines are described.
presence of antibodies to BKV T antigen, and cells were examined for the presence of BKV T antigen.
RESULTS

BKV-transformed RE cells: Group I Isolation, morphology, T antigen staining and presence of BKV
A total of eight colonies were picked from the four Petri dish cultures set up as described in Methods and propagated separately. All were positive for BKV T antigen, but one failed to survive subsequent passaging. The remaining seven lines, designated RE-BK CI.~ to RE-BK C1.7 were characterized. In addition, two sublines (RP-I lines) were established from tumours produced in rats by the injection of RE-BK Cl.I and C1.5 cells and a third subline (identified by RP-2 for second rat passage) was established from a tumour produced in a rat by the injection of RE-BK CI.I (RP-0 cells.
Cells of five of the seven lines have an epithelial-like morphology, the two exceptions being RE-BK C1.2 and C1.7 cells, which have retained the elongated form characteristic of fibroblastic cells. The change from fibroblastic to epithelial-like morphology was accompanied by a decrease in cell size. Cells of all lines have lost the property of contact inhibition of growth and exhibit the disorderly arrangement and' piling up' characteristic of most transformed cells. Cells of the sublines do not differ from those of the parent line with respect to either cell or colony morphology.
At least 95 ~ of the cells in cultures of all seven lines are positive for BKV T antigen, but (see Table I ) there are differences among the cell lines with respect to the intensity of the nuclear fluorescence. Cells of the RP-I and 2 sublines derived from line RE-BK C1. I retain the intense nuclear fluorescence exhibited by the parent line. On the other hand, RE-BK C1.5 (RE-I) cells do not produce any demonstrable BKV T antigen, although cells of the parent line are strongly positive.
None of the seven lines or sublines produces BKV detectable either by HA assays carried out on lysates of cell cultures or by the infectivity of such lysates for permissive VERO or HEK cells.
Serum dependency, saturation density and doubling time
The growth of all seven RE-BK cell lines and the RPq and 2 sublines in BME-5 or -o'5 FCS was examined. Illustrative growth curves are shown in Fig. I , and estimates of saturation densities and division times are summarized in Table I .
Cells of all lines exhibit a decreased serum dependency for growth. All grow in BMEo'5 ~ FCS, in which untransformed RE cells do not divide (Fig. ~) . However, cells of the RE-BK C1.2 and C1.7 lines divide only twice, while cells of all other lines undergo 5 to 6 cell divisions in this medium. In BME-5 ~ FCS, all lines grow to saturation densities which exceed that achieved by untransformed cells by factors of 3o to 6o. Doubling times for cells of all lines in BME-5 ~ FCS are of the order of 2o h and about twice that long in medium containing 0"5 ~ FCS. The growth characteristics of the RP-I and z sublines are essentially identical to those of the parent lines (see Fig. I ).
Plating effieiency and colony formation in soft agar
All RE-BK lines have substantially higher plating efficiencies than do untransformed RE cells (Table I ) and when plated in soft agar, cells of all lines produce colonies within Io to I4 days, in contrast to untransformed cells which are strictly anchorage dependent. The effidency of colony formation in soft agar was found to range from o" 15 to 7"7 ~. Cells (a) t/,) . of the RP-I and 2 sublines produce colonies in soft agar with much greater efficiency than do those of the parent lines.
Tumorigenicity
The ability of six of the seven clonal lines (in the I4th to 2oth passage) to produce tumours was tested by the subcutaneous injection of cells into immunosuppressed weanling rats. Five rats were used for each line, the challenge dose being 2. 5 × lO 6 cells (in o'5 ml PBS) for all lines except RE-BK C1.5, in which case the animals received io v cells. Included in the experiment were three control groups (also irradiated weanling animals) that were either unchallenged, injected with o'5 ml PBS, or challenged with 2. 5 × io 8 untransformed RE cells.
The results, summarized in Table 2, show that all the lines tested are tumorigenic. Except in the case of rats challenged with RE-BK C1. 5 cells, tumours did not appear earlier than 7 months and a number developed as late as 14 to 18 months post challenge. No tumours developed in any of the 15 control animals.
In only rare cases did tumours appear at the site of injection of the cells. Most females RE-BK C1.3
Characteristics of BKV-transformed RE cells, Group
RE-BK C1.6 9 0o) tz (14) I5 ( developed a breast tumour, while other rats (both male and female) developed subcutaneous tumours on the underside of their bodies. With the exception of a single case which is discussed below, all tumours were fibrosarcomas, often divided into lobes and consisting primarily of very solid connective tissue. Attempts to culture; cells from these turnouts yielded only fibroblastic cells that were negative for BKV T antigen. Sera from these rats did not contain antibodies to the T antigen.
One rat developed a palpable tumour on the back 7 months after challenge with RE-BK C1. I cells. After growing to a diam. of about 2 cm, the tumour regressed completely, but one month later the rat developed a second, rapidly growing tumour in one leg. When the rat was sacrificed at 9 months post-challenge, its serum was found to contain antibodies to BKV T antigen, and cells cultivated from the tumour were positive for BKV T antigen. Injection of Io 6 cells of this subline, RE-BK Cl.I (RP-I), produced turnouts within two weeks in all weanling rats challenged, whether the animals were irradiated or not. Sera from these rats were found to contain antibodies to BKV T antigen. Cells cultured from one of the tumours, subline RE-BK C1. I (RP-2), contained BKV T antigen and, like cells of the RP-I subline, produced tumours in Ioo ~ of weanling rats challenged with Io G cells.
The injection of Io 7 RE-BK C1.5 cells into irradiated weanling rats produced rapidly growing tumours at the site of injection in all five animals. Three rats were sacrificed at one month post-challenge, at which time the tumours were about 5 cm in diam. Sera were collected and a subline, RE-BK C1.5 (RP-D, was established from one of the tumours. None of the sera contained antibodies to BKV T antigen and the cells were negative for BKV T antigen, although, like the parent line, they produced tumours in Ioo % of weanling rats (irradiated or not) within 2 weeks of challenge.
BKV-transformed RE cells: Group H Isolation, morphology, T antigen staining and presence of BKV
From each group of I2 Petri,dishes seeded at low cell density with RE cells that had been infected with BKV (Pool II) at multiplicities of 3, 3o and 3oo (see Methods), 8 to ~o colonies were picked and propagated separately. Cells of all colonies selected were positive for BKV T antigen and four from each group were selected for further study. Of I6 colonies picked from dishes seeded with cells infected at a multiplicity of o.3, eight were positive for T antigen and four of these were selected for subsequent characterization.
Cells of newly-isolated RE-BK clones had a fibroblastic morphology resembling that of normal RE cells. However, those transformed at input multiplicities of 3oo, 3 ° and 3 underwent a change to small, epithelial-like cells within three or four passages. In contrast, cells of clonal lines transformed at an input multiplicity of o'3 have retained a fibroblastic morphology.
At least 95 ~ of the cells in cultures of all I6 clonal lines stain positively for BKV T antigen. However, as shown in Table 3 , differences in the intensity of staining exist among the various lines, the intensity being related, in a general way, to the multiplicity of BKV used to transform the cells. 
Serum dependency, saturation density and doubling time
Estimates of saturation densities and generation times for all lines in BME-5 or -o'5 ~o FCS are listed in Table 3 . The data indicate that serum dependency for growth, like the intensity of T antigen staining, is related to the m.o.i, at which the cells were transformed. All lines transformed at m.o.i, of 3oo, 3o and 3 are capable of growing (4 to 6 cell divisions) in BME-o.5 ~o FCS with generation times in the range of 25 to 50 h. Cells of all lines transformed at a m.o.i, of o'3 behave in BME-o'5 ~ FCS much like untransfcrmed cells, although in BME-5 ~ FCS they attain three-to sixfold higher saturation densities than do Control cells. In BME-5 % FCS, doubling times are in the range of 22 to 44 h for cells of I5 of the 16 lines, the exception being RE-BK (o'3) C1.9 which requires almost 3 days for a single cell division.
For cell lines transformed at m.o.i, of 3oo, 3o and 3, estimates of saturation densities in BME-5 ~ FCS are subject to considerable uncertainty, since cells of these lines (unlike those of Group I lines) have a tendency to detach from the plastic substrate at the higher serum concentration. This accounts for the anomalous observation that a number of lines appear to grow to higher saturation densities in BME-o'5 ~ FCS than in BME-5 % FCS.
Plating efficiency, colony formation in soft agar and tumorigenicity
Cells of all I6 lines have very high plating efficiencies (3o to 98 %) relative to that of untransformed RE cells. Colonies are fairly uniform in size, and exhibit the characteristic 'piling up' of cells, in contrast to the flat colony morphology of control cells. Surprisingly, none of the lines has the ability to form colonies when plated in soft agar, either at low (8 to I2) or high (4o) passage number, and none has produced tumours in one year following the inoculation of Io 7 cells into irradiated weanling rats.
BKV-transformed MK cells
Eight to ~5 colonies were picked from each group of Petri dishes seeded with Balb/c-MK ceils infected at multiplicities of 3, 3o and 3oo, and four from Petri dishes seeded with ICR-MK cells infected at multiplicities of 6 and 6o. All were positive for BKV T antigen. Four lines of Balb/c-MK and one line of ICR-MK cells transformed at each multiplicity were selected for further study. Of Io colonies picked from dishes seeded with Balb/c-MK cells infected at a m.o.i, of o'3, all were positive for T antigen and two of these were examined further.
Cells of all MK-BK lines, like untransformed MK cells, have an epithelium-like morphology, but are smaller than the normal cells. None produce BKV detectable by either HA or infectivity assays when tested after IO to 2o in vitro passages.
A number of the biological parameters of the transformed MK lines, and of untransformed MK lines, and of untransformed MK cells, are summarized in Table 4 . Cells of all lines exhibit bright to very bright nuclear fluorescence when stained for BKV T antigen. With one exception, namely Balb/c-MK-BK (3o) C1.7, cells of all lines are capable of growing in medium containing o'5 ~ FCS, in which control cells die within 2 days. All lines grow to much higher saturation densities in BME-5 ~ FCS, and have much higher plating efficiencies than do normal MK cells. With the Balb/c-MK-BK lines there appears to be no correlation between the multiplicity at which the cells were transformed and either saturation densities or plating efficiencies. However, cells transformed at m.o.i, of 30o and 3o are anchorage independent for growth, whereas none of the lines transformed at m.o.i, of 3 or o'3 is able to produce colonies in soft agar. Both ICR-MK-BK lines examined have acquired the ability to produce colonies in soft agar. However, those cells transformed at a m.o.i, of 6o produce colonies with higher efficiency than do those transformed at a m.o.i, of 6. They also grow to higher saturation densities in both BME-5 ~ FCS and BME-o'5 ~ FCS and have shorter generation times in both media than do cells transformed at the lower input multiplicity. Neither line was found to produce tumours during a I year period of observation following the subcutaneous injection of 5 × IO6 cells into weanling ICR mice.
Characteristics of BKV-transformed MK cells
As shown in Table 5 
DISCUSSION
The data presented here demonstrate that BKV is capable of transforming cultured rat embryo fibroblast and mouse kidney cells. We have also shown (data not presented) that rat kidney cells are transformed by BKV, at multiplicities as low as 8 p.f.u./cell, under the same conditions as those described here.
Among the RE-BK lines of Group II, those transformed at m.o.i, of 3, 30 and 300 express certain of the biological parameters associated with transformation (eg. presence of T antigen, decreased serum dependency) more strongly than do those transformed at a m.o.i. of o. 3. The same phenomenon is also evident in the case of the two ICR-MK-BK lines studied. It may be fortuitous that all RE-BK(o'3) lines have retained their fibroblastic morphology, but it is interesting that of the RE-BK lines of Group I, only lines RE-BK C1.2 and 7 fail to grow well in medium containing 0"5 ~ FCS and both have retained a fibroblastic morphology and exhibit weak nuclear fluorescence when stained for BKV T antigen.
Most irradiated weanling rats, injected with cells of the RE-BK (Group I) lines developed tumours, although, except in the case of the RE-BK C1.5 line, tumours did not develop until 7 to i8 months post-challenge and then only rarely at the site of injection. The latter observations, coupled with the difficulties encountered in culturing BKV T antigen positive cells from the tumours, might lead one to question the significance of tumour development. However, since no tumours developed in any of the I5 control animals and since no spontaneous tumours have appeared in the rat colony during a 3 year period, we believe that the tumours were produced by the cells of our transformed lines. This proposition is supported by the observation that cells of the RE-BK CI.I(RP-I) line, established from a tumour that developed in the leg of a rat 8 months after subcutaneous injection of RE-BK CI.I cells into the back of the animal, contain BKV T antigen and resemble cells of the parent line in all respects except for increased tumorigenicity and ability to produce colonies in soft agar.
Ceils of the RE-BK C1.5 line, unlike those of any of the other lines, produce tumours within 2 weeks at the site of injection. However, although cells from these tumours were cultured readily, they do not contain demonstrable BKV T antigen. While there seems to be no reason to doubt that the tumours resulted from the growth of the implanted cells, evidence that this is so will have to await an analysis of the cellular DNA for integrated BKV DNA sequences.
The response of Sprague-Dawley rats to the implantation of Py-transformed rat cells is quite different from their response to BKV-transformed cells. We found (data not shown) that the subcutaneous injection of Io 5 Py-transformed RE cells into unirradiated weanling rats produced tumours in all animals 0o/Io) within 2 weeks. Py T antigen positive cells were cultured readily from the tumours.
We have defined as tumorigenic those cells that produce a palpable tumour after implantation into the appropriate host. However, those cells classified as tumorigenic on this basis (RE-BK, Group I, and Balb/c-MK-BK cells) are not strongly so in that the tumours that they produce ultimately regress. As such they differ sharply from the BKV-transformed hamster cells described earlier (Seehafer et al. I977) and the Py-transformed cells cited in the preceding paragraph, all of which produce progressively growing turnouts that ultimately kill their hosts.
There are no striking differences among the I4 lines of Balb/c-MK-BK lines studied with respect to most growth characteristics. However, celIs of those lines transformed at m.o.i, of 3oo and 3o produce colonies in soft agar with relatively high efficiency, while cells transformed at m.o.i, of 3 and o'3 do not and cells of the former group are more tumorigenic than those of the latter. This correlation between tumorigenicity and ability to produce colonies in soft agar seems quite clear in the case of transformed RE cells, in that only those of Group I are both tumorigenic and anchorage independent for growth. On the other hand, neither of our lines of ICR-MK-BK cells is tumorigenic, although both are capable of producing colonies in soft agar, albeit with rather low efficiency.
It is interesting to note that neither of the lines of BKV-transformed Balb/c ceils described by Portolani et aL 0978) are tumorigenic, while all I4 of the Balb/c-MK-BK lines described here are, and that their group's lines of transformed Swiss mouse cells are tumorigenic, while ours are not. It is clear that marked differences in biological parameters can exist among lines of cells transformed in different laboratories by the same viral agent and among lines of cells transformed in the same laboratory but at different times (witness the differences J. SEEHAFER AND OTHERS between RE-BK cells of Groups I and II described herein). It could be informative to determine whether such differences in biological parameters can be related to the amount and/or nature of the integrated virus DNA present in the various lines.
